For an aerostatic circular thrust bearing with a single pocketed orifice-type restrictor, the flow field in the bearing clearance is analyzed numerically, and the formation mechanism of the bearing micro-vibration is investigated. Through flow field analysis, the flow structures in the bearing clearance are discussed and classified. The formed vortex flow in flow field is analyzed, and the influence of the vortex flow on bearing dynamic stability related to micro-vibration is discussed. For each flow structure, the vortex flow always exists and induces the bearing micro-vibration. The Reynolds number is used to represent the degree of bearing micro-vibration and the rationality is verified. Based on the flow analysis results, the maximum Reynolds number in the bearing clearance flow field is taken as the optimization objective to reduce the micro-vibration amplitude, the approximate model for design optimization is established by using the radial basis functions method and the optimization methodology is illustrated. Several cases of optimization are carried out with different given bearing loads. Through optimization, the maximum Reynolds number is reduced greatly, which means the enhancement of the bearing dynamic stability. The optimization results show that in order to suppress the micro-vibration, the air supply pressure should be kept as small as possible, the small air pocket diameter and orifice diameter are also needed.
NOMENCLATURE
Aerostatic bearings are widely used in ultraprecision machine tools due to their high motion accuracy. Several types of restrictors can be used in design of the aerostatic bearing such as the orifice-type, surface-compensated type and porous type. Among them, the orifice-type restrictor has the widest application because of its simple manufacture and easy maintenance. Commonly, for the orifice-type restrictor, an air pocket may be added downstream of the orifice. Compared with the non-pocket type, the pocketed orifice-type restrictor makes the aerostatic bearing possess the better static performances, e.g. larger load carrying capacity (LCC) or stiffness (Chen et al. (2006) ; Du et al. (2014) ). Hence, the pocketed orifice type restrictor is adopted more widely. However, for the aerostatic bearing with pocketed orifice type restrictor (ABPOR), the occurrence of the micro-vibration decreases the bearing dynamic stability as described in Chen et al. (2011) . For the microvibration of the ABPOR, some numerical and experimental research studies have been performed. In Aoyama et al. (2006) , the flow field in the bearing clearance was simulated numerically and the occurrence of the micro-vibration was attributed to the formation of the vortex flow, the micro-vibration acceleration of the floating facility was measured experimentally and it was indicated that once the orifice-type restrictor with a round orifice outlet was applied instead of the sharp outlet, the generation of the vortex flow was suppressed, and the experimentally measured micro-vibration acceleration amplitude was decreased. The formation of turbulent flow also has an influence on the occurrence of the bearing micro-vibration, because vortexes with different scales always exist in the turbulent flow (Kawai et al. 2005; Yoshimura et al. (2012) . Commonly, the Reynolds number can be used to judge whether the flow is laminar or turbulent, the turbulent flow may occur when the Reynolds number becomes large enough in the flow field. The Reynolds number of the bearing clearance flow field of the ABPOR was changed by changing the air supply pressure, and the micro-vibration acceleration amplitude of the floating facility increased with the increase of the Reynolds number as described in Zhu et al. (2013) . It means that with the larger Reynolds number, the micro-vibration amplitude of the bearing system is larger. This viewpoint is also supported by Zhang et al. (2007) . While in these research studies, the relationship between the Reynolds number and microvibration of the ABPOR system was discussed only qualitatively, the quantificational relationship was not referred, so the Reynolds number cannot be used in bearing design yet to suppress the micro-vibration. From the previous research studies, the conclusion can be drawn that the vortex flow causes the fluctuation of pressure distribution in the bearing clearance flow field, resultantly, causes the fluctuation of LCC, and then the fluctuation of LCC induces the micro-vibration. Hence, the micro-vibration can be regarded as a kind of vortexexcited vibration. In modern manufacturing field, nanometer order and sub-nanometer order precision are commonly needed (Sato, 2006; Evans et al. 2006) , hence, although the micro-vibration of the ABPOR is only at the nanometer order as discussed in Yoshimura et al. (2012) , it can bring harm to bearing dynamic stability and will decrease machining and measuring precision of corresponding ultra-precision facilities. Consequently, it becomes essential to seek ways to suppress the microvibration of the ABPOR system. Because the occurrence of the micro-vibration is attributed to the formation of the vortex flow in the bearing clearance, getting a deep understanding of the formation process of the vortex flow and reducing the influence of the vortex flow may offer a way to suppress the micro-vibration. Design optimization offers a way to minimize the influence of the vortex flow, while the optimization modeling method should be studied. In Li et al. (2017) , the aerostatic bearing with a single non-pocket orifice type restrictor was considered, the flow field was analyzed and the optimization modeling method was illustrated to reduce the influence of the vortex flow, the radial basis functions (RBF) method as described in Hardy (1990) was used in establishing the approximate model for optimization which could achieve a high fitting accuracy.
With existence of the air pocket, the bearing flow field becomes more complicated for the ABPOR compared with the non-pocket situation, the flow structure and the formation process of the vortex flow should be investigated further. Besides, an effective design procedure for suppressing the micro-vibration is needed currently for the ABPOR. In this study, an aerostatic bearing with a single pocketed orifice type restrictor is considered. The formation mechanism of the vortex flow in the bearing clearance is illustrated, and the design strategy for suppressing the micro-vibration is proposed and verified. Firstly, the flow structure in the bearing clearance is analyzed and classified, the formation process of the vortex flow is illustrated, and the rationality of using the Reynolds number to represent the influence degree of the vortex flow is verified. The mathematical model of Reynolds number represented by bearing parameters is established by use of the RBF method. By establishing the approximate model, the influence of bearing parameters on the micro-vibration can be discussed in the quantificational way, which makes it possible to decrease the micro-vibration amplitude in bearing design stage. Then the optimization modeling method for the ABPOR is illustrated in detail, and the Reynolds number is considered as the design objective to suppress the vortex flow, i.e. to decrease the micro-vibration amplitude. Finally, several cases of optimization are conducted with different bearing loads and the results are compared and discussed.
Simulation Model and Governing Equations
The aerostatic circular thrust bearing with a single pocketed orifice-type restrictor is shown in Fig. 1 . The bearing clearance includes the cylindrical air pocket and the air film. The working gas coming from an external source passes through the orifice and feeds into the air pocket, then the gas enters the air film and finally escapes from outside edge of the bearing. Bearing diameter D is 50mm, the orifice length l is 0.2mm. The cylindrical air pocket locates downstream of the orifice whose geometrical parameters include diameter U and depth V. The orifice diameter d, air pocket diameter U and depth V, together with the air supply pressure Ps (gauge pressure) are accounted as design variables. The design ranges are 0.1mm~0.2mm for d, 2mm~5mm for U, 0.1mm~0.2mm for V and 0.3MPa~0.6MPa for Ps. The air film thickness h varies with the given load. Part of the supply passage upstream of the orifice is also considered with the diameter of 3mm and the cone angle of 120°.
The working gas is compressible air and obeys the ideal gas law. The dynamic viscosity μ satisfies Sutherland's law as:
where T is the gas temperature, μ 
where ρ is density of the gas, e is the total energy, i u and j u are velocity components, p is the pressure. ij σ  is the molecular viscous force which satisfies:
 is the thermal conductivity which satisfies:
where λ is the thermal conductivity coefficient. A  in Eq.
(4) can be represented as Eq. (7):
a1~a6 are as Eq. (8) ~ Eq. (13).
The subgrid stress ij τ  is defined as:
The superscript "-" means the spatial filter and "~" means the Favre filter in Eq. (2) ~ Eq. (14). The subgrid stress cannot be achieved directly by solving the governing equations and should firstly be modeled. Several turbulence models are offered for the modeling of the subgrid stress in fluid mechanics analysis as described in Kundu et al. (2012) .
In this study, both steady and transient flow calculations are considered, the former is for analyzing flow structure and taking samples in establishing the approximate model for optimization, the latter is for analyzing the rationality of using the Reynolds number to represent bearing dynamic stability and verifying the optimization results.
FLOW FIELD ANALYSIS

Steady Flow Analysis
Through the steady flow calculation, static performances such as LCC, stiffness and mass flow rate can be calculated accurately (Chen et al. (2011); Aoyama et al. (2006) ). Also, compared with the transient flow calculation, the computational expense of the steady flow calculation is rather less. So the steady flow calculation becomes the dominant numerical calculation in the design of aerostatic bearings.
The discussed flow field in the bearing clearance is simplified as a two-dimensional cylindrical symmetric one as shown in Fig. 2 according to the axisymmetric property of the flow geometry and boundary conditions. The bearing and air pocket surfaces are accounted as rigid walls which satisfy adiabaticity, impermeability and no-slip conditions, as Eq. (15) where xl is along the normal direction of the surface,
u is the velocity component at the surface. The pressure inlet condition is considered at the inlet position and the pressure equals the air supply pressure Ps, the pressure outlet condition is considered at the outlet and the pressure equals the atmospheric pressure P0. The pressure boundary conditions are as Eq. (16). 0;
at the bearing surfaces (15) at the inlet at the outlet
The air pocket possesses a relatively larger volume than the orifice, so the flow characteristics are different from those of the aerostatic bearing with the non-pocket orifice type restrictor. The flow structure in the bearing clearance, especially in the air pocket, is complicated (Zhu et al. (2013) ; Li et al. (2015) ) and is characterized by existence of numerous vortexes with different scales. Also, the air pocket offers enough volume for development of the vortex flow. Hence, the turbulent flow is considered in the numerical simulation. The realizable k-ε model is used in the steady flow calculation as described in Chen et al. (2011) . In order to verify the accuracy of the numerical calculation, the numerically calculated results of LCC are compared with experimental results in Aoyama et al. (2006) as shown in Fig. 3 where the relation of LCC versus air film thickness h is given. It can be seen that the experimental results and numerically calculated results are in good agreement, and the maximum error is less than 5% throughout 7μm to 15μm of h. Hence, the numerical calculation possesses enough accuracy.
Fig. 3 Numerical and experimental results of LCC
Through the steady flow calculation, two cases of flow structure in the air pocket are observed. In the first case, gas velocity stays subsonic in whole air pocket as shown in Fig. 4 . The thickness of the boundary layer keeps increasing along the flow direction when the gas passes through the orifice. Because the volume of the air pocket is far larger than that of the orifice, the flow structure is similar to the free jet at the inlet of the air pocket with a clear jet boundary. While with the resistance of the thrust surface, i.e. the upper wall, there comes a stagnant region with high pressure as shown in Fig. 4a . Flow direction turns with the squeeze of the stagnant region, then the vortex forms. Velocity contour and pressure contour are shown in Figs. 4b and 4c for this case. Because the pressure always drops in the center of the vortex, the pressure contour can also be used to detect the formation of vortex as shown in Fig. 4c where the pressure drops in the center of the formed vortex. In the second case, a supersonic region occurs near the inlet of the air pocket as shown in Fig. 5 . The thickness of the boundary layer increases gradually from inlet to outlet of the orifice, resultantly, the effective area of cross section of the flow channel decreases gradually. While at the outlet of the orifice, the deflection of the jet boundary makes the effective area of cross section of the flow channel increase. Hence, for the effective area of cross section of the flow channel, a variation rule of former decrease and later increase appears. It generates a condition for the formation of the supersonic flow. The minimum cross section area of the flow channel locates at the outlet of the orifice, as section B-B in Fig. 5a . If the gas velocity is still subsonic at this position, then it will remain subsonic in the air pocket as discussed in the 1 st flow structure. If the gas velocity reaches the sound velocity at section B-B, then with the disturbance of the deflection of the jet boundary at section B-B, expansion waves form and the gas velocity increases herein. Resultantly, the gas velocity gets faster than the sound velocity and the supersonic region occurs as shown in Fig. 5 . Correspondingly, the pressure drops in this supersonic region downstream of expansion waves. Due to the high pressure in the stagnant region, the shock wave will form downstream of the supersonic region to make the pressure increase. It was referred that the formation of the vortex flow in the bearing clearance was harm to the bearing dynamic stability (Chen et al. (2011); Aoyama et al. (2006) ; Li et al. (2015) ) for it would induce the micro-vibration. The micro-vibration amplitude should be reduced to improve the bearing dynamic stability. From the steady flow field simulation, it can be seen that for each flow structure, the vortex flow will form. Hence, it is essential to seek ways to reduce the influence of the vortex flow, namely to reduce the micro-vibration amplitude.
Transient Flow Analysis
Though the steady flow calculation is dominant in numerical simulation for the aerostatic bearing design (Chen et al. (2011 ), Aoyama et al. (2006 ), with the increased demand of the machining and measuring precision of corresponding ultra-precision facilities, the time-varying properties should also be investigated to improve the bearing mechanical performances, especially the dynamic performances related to the bearing microvibration.
The formed vortexes in the air pocket can be detected, but the development and vanishing process of the vortexes cannot be simulated through the steady flow calculation, because the process is time-varying. Through the transient flow calculation, the vortex flow can be further investigated (Zhu et al. (2013) ; Li et al. (2015) ; Li et al (2017) ). When the vortex forms in the air pocket, it will move along the flow direction, and the new vortex forms at the same position as that of the former one. Due to the effect of viscous dissipation, the formed vortexes will finally fade away. Because the pressure always drops at the center of the vortex, with the continuous generation and vanishing of vortexes, the pressure distribution in the air pocket varies with time. LCC is the integration of the pressure acting upon the thrust surface, so the timevarying pressure distribution will cause the fluctuation of LCC and then induce the micro-vibration.
Equivalent acceleration ae defined in Li et al. (2017) was used as a direct measurement of the bearing microvibration degree in the transient flow calculation. ae is expressed as Eq. (17) s. In order to get the more accurate vortex structure, the large eddy simulation method is applied. Figure 6 shows the velocity and pressure contours of the flow field in the air pocket. It can be seen from Fig. 6a that once the vortex forms, it moves along the flow direction, i.e. the radial direction of the bearing flow field, and finally vanishes due to the expansion of cross section area of the flow channel and the viscous dissipation effect. The vortexes exist in a torus region at millimeter level in the air pocket downstream of the orifice. The newly formed vortex is columnar vortex near the upper wall as described in session 3.1.
With the continuously generated and vanished vortexes, the pressure distribution in the flow field varies with time as shown in Fig. 6b . Because the air supply pressure is given as a constant value, the flow upstream of the formation place of the vortex is stable and nearly time-independent. Once the formed vortexes vanish, the flow becomes stable again. The influence of the vortex flow exists only in a small part of the flow field, and the majority part is stable and time-independent, so in the calculation of the static mechanical performances such as LCC or stiffness, the steady flow calculation possesses enough accuracy for the time-varying part is small enough to be neglected. However, in the analysis of the micro-vibration, the time-varying part should also be considered to have a more accurate understanding. Figure 7 shows the fluctuation of ae versus time. As mentioned above, the amplitude aeA should be controlled as small as possible to reduce the microvibration.
The maximum Mach number was used to judge whether a. Velocity contour b. Pressure Contour Li et al. (2017) , it was concluded that the vortex flow existed only when the maximum Mach number is larger than 1. However, for the ABPOR as shown in Fig. 1 , the vortex flow always exists, so the maximum Mach number is no longer suitable for application. In Zhu et al. (2013) and Zhang et al. (2007) , it was referred that with a larger Reynolds number in the bearing flow field, the micro-vibration amplitude of the floating facility became larger, so the Reynolds number can be tried to represent the micro-vibration degree of the ABPOR system. The Reynolds number in Eleshaky (2009) is defined as Eq. (19) where m  means the gas mass flow rate and r is the radial coordinate whose origin is the center of the orifice. The Reynolds number can be calculated in whole bearing clearance flow field (d/2<r<D/2), so a representative value of the Reynolds number should be chosen. The maximum value in the whole flow field is considered here and the related position commonly locates near the inlet of the air pocket (r=d/2). In latter discussion, Re denotes the maximum Reynolds number.
In order to get a deep understanding of the microvibration, the relationship between Re and the microvibration should be investigated in detail. The microvibration acceleration of the floating facility of an ABPOR was experimentally measured in Li et al. (2015) , the same experimental cases are considered in this study. Firstly, the relationships between Re, ae and experimentally measured micro-vibration acceleration amplitude aA are discussed to illustrate the rationality of using Re to represent the bearing dynamic stability. Then based on the verification, Re is taken as the design objective in optimization to reduce the microvibration, i.e. to enhance the bearing dynamic stability, the optimization methodology is expounded, and several optimization cases are demonstrated in next session.
The bearing configuration in Li et al. (2015) is considered where D equals 40mm, U equals 6mm, h equals 12μm, Ps equals 0.5MPa, d and V are changed. Through experiments, the micro-vibration acceleration amplitude aA was achieved. It is worth mentioning that the transient flow calculation is more powerful in analyzing the bearing dynamic performances than the steady calculation, but it is far more time consuming. Hence, in the design optimization of the aerostatic bearing, using the steady flow calculation to perform the design optimization and using the transient flow calculation to verify the optimization results, especially the results related to dynamic performances, is an effective and practical way. The maximum Reynolds number Re locates near the inlet of the air pocket and the flow upstream of this position is stable and nearly time-independent, so Re is timeindependent. For each case, the numerical results of Re achieved through steady and transient flow calculations are exactly the same. So the steady flow calculation is considered in later optimization to save the computational expense.
DESIGN OPTIMIZATION
Optimization Methodology
The aim of the optimization is to decrease the microvibration amplitude under the given bearing load. Firstly, the approximate model for optimization is established. Traditionally, the analytical formulas are used in analysis of performances such as LCC or stiffness of the aerostatic bearing with non-pocket orifice type restrictor. These theoretical formulas are derived under numerous hypotheses, such as one dimensional flow and laminar flow (Li et al. 2012) . For the ABPOR, the flow structure is far more complicated and the turbulent flow exists in the bearing clearance, hence, the analytical formulas can no longer be developed and used, especially for the dynamic stability related to micro-vibration. Hence in this study, the approximate model is considered as the mathematical model of the bearing performance in optimization. The CFD simulation is applied in the sample taking. In CFD simulation, fewer hypotheses are considered and the turbulent flow can be calculated. Radial Basis Functions (RBF) method as described in Hardy (1990) was applied in establishing the approximate model for the aerostatic bearing optimization in Li et al. (2017) and could achieve a high fitting precision. So the RBF model is also considered here in establishing the approximate model.
As mentioned in flow field analysis in session 3, Re can be taken as the benchmark of the bearing dynamic stability related to the micro-vibration, and should be controlled as small as possible to reduce the microvibration amplitude. Hence, Re is set as the optimization objective, the minimum Re should be achieved under a given bearing load.
In design optimization, the design variable vector is set as x. Firstly the sample points should be arranged and the mechanical performances of each sample point should be calculated. Based on the theory of experiment design, the orthogonal experimental design method is considered to arrange the sample points. By use of this method, the detailed information of the design space can be achieved with relatively fewer sample points.
In the sample taking, the air film thickness h is exactly the response of the given bearing load, but it is also the geometry parameter of the flow field and should be given in CFD calculation for sample taking. For each sample point with certain combination of the bearing parameters, the bearing load is given and should be equal to LCC, h is determined firstly by a trial and reverse-directional way through a series of numerical simulations as described in Li et al. (2017) . Once h is achieved, geometry of the flow field can be determined and the sampling values can be calculated.
In establishing the approximate model for optimization, the interpolation function of the RBF model is as Eq.
.
where 
The variable power spline basis function is used here as the radial basis function, the definition is as Eq. (22).
where j  x x   is the Euclidian distance, c is the shape function factor which can be got by minimizing sum of the errors in the interpolation. The fitting accuracy of the approximate model should be verified.
Each design variable is normalized through Eq. (23) before establishing the approximate model. x stands for any component of the design variable vector x, xmax and xmin are its upper and lower bounds, respectively.
The mathematical model of the optimization is as Eq.
. 
where E is the feasible design field. The sequential quadratic programming (SQP) algorithm is applied in this study to seek the optimum point. The detail of SQP algorithm is discussed in Nocedal et al. (2006) . SQP algorithm is especially effective in nonlinearly constrained optimization. The basic idea of this algorithm is to turn the primal optimization problem into a series of quadratic programming sub-problems and progressively seek the optimum design point.
Optimization Cases
In should be determined by using Eq. (20). According to the theory of the orthogonal experimental design, the orthogonal layout L98(7 4 ) with 4 factors and 7 levels is designed for taking samples in the feasible design field E as shown in Eq. (25). The factors and levels are determined as shown in Table 2. (0.1mm, 0.2mm) (0.3MPa, 0.6MPa) (2mm, 5mm) (0.1mm, 0.2mm)
Several optimization cases are considered with different given bearing loads. The loads include 100N, 120N and 150N. For each optimization case, the sample values are Figure 8 shows the relationship of Re versus normalized d and Ps when U equals 3.5mm, V equals 0.15mm and the given bearing load equals 100N. It can be seen in Fig. 8 that with the increase of the air supply pressure or the orifice diameter, Re increases. The rule indicates that the gas mass flow rate has a dominant influence on Re. Gas mass flow rate increases with increase of the air supply pressure, so Re increases according to Eq. (19) . The cross section area of the orifice is increased by increase of the diameter, the air-lock effect is decreased and the gas mass flow rate increases in case of Fig. 8 , and Re increases resultantly.
The SQP algorithm is applied and the termination accuracy is set as 10 -6
. The optimization results are shown in Table 3 . For each optimization case, aeA is also calculated for verification of the optimization results.
Fig. 8 Re versus d and Ps
It can be seen in Table 3 that each optimum point occurs with the minimum air supply pressure, which accords with the influence rule as shown in Fig. 8 . It means that the air supply pressure should be kept as small as possible to reduce the micro-vibration amplitude. A small air pocket diameter should also be adopted. The comparison between Re and aeA verifies the rationality of (Li et al. 2017) , so the given bearing load should always be less than the maximum LCC whose value is about 400N in this study.
CONCLUSIONS
The flow field in the bearing clearance of an aerostatic thrust bearing with a single pocketed orifice-type restrictor is studied. The flow structure is illustrated through the steady flow simulation. Transient flow simulation is considered further to verify the rationality of using the maximum Reynolds number Re to represent the bearing dynamic stability related to micro-vibration. Based on the analysis, the mathematical model of optimization is established. Several cases of bearing loads are considered in design optimization. For each case, the optimum design with the minimum Re is achieved to improve the bearing dynamic stability. The optimum results are compared and discussed. From the study, the following conclusions can be drawn:
Two different flow structures exist in the air pocket, with or without a supersonic region at the inlet of the air pocket. Whether the supersonic region exists or not, vortex flow will form and can cause the micro-vibration of the floating facility. Re can be used to represent the bearing dynamic stability related to micro-vibration, and should be controlled as small as possible to reduce the micro-vibration amplitude.
In order to achieve a well bearing dynamic stability with smaller micro-vibration amplitude, the air supply pressure should be kept as small as possible and the air pocket diameter should be small enough. It is also necessary for the bearing to operate under a relatively large given load to improve the bearing dynamic stability, but the load should be less than the maximum LCC in feasible design field. Because the decrease of the air supply pressure may decrease the bearing static performances in some situations, the multi-objective optimization method can be used in the future in the bearing design to achieve the optimization result which balances both static and dynamic performances.
